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I . I NTRODUCT I ON 

A moving band of dislocations and a non-planar p-n junction are 
observed to be produced by diffusion of zinc into gailium arsenide. 
The leading edge of the band is considered to be the result of the 
steep front of the diffusion profile. Here it is theorized that zinc 
diffuses interstitially with zinc mostly falling into substitutional 
positions and becoming relatively immobile substitutional atoms at a 
band of dislocations which is induced by the concentration gradient 
stress. It has been shown by Chang and Pearson'') that zinc diffuses 
in gallium arsenide by an i n t e r s t i t u a l - s u b s t i t u t i o n a l  mechanism first 
proposed by Longini , and that the diffusion process is dominated by 
the highly mobile interstitials even though they are outnumbered by 
orders of magnitude by the relatively immobi le substitutionals. 

( 2 )  

The largest gradient develops at the leading edge of the dis- 
location band, and results in stresses exceeding the elastic limit, 
To relieve the stress, edge dislocations (or partials) are introduced 
at the leading edge of the band. Schwuttke and R~pprecht'~) reported 
from x-ray diffraction measurements that diffusion of large concen- 
trations of zinc induces defects of bent stacking faults of the Lomer- 
Cottreli type with the stair-rod dislocations parallel to the ( I l l )  

diffusion planes when zinc is diffused at 850° into Te-doped substrate. 
The dislocation band,being at the steep front of the diffusion profile, 
provides the region of high transition probability bordering two con- 
trasting high and low concentration regions. As the high transition 
rate at the dislocations of the leading edge of the band rapidly builds 
up the concentration of the substitutional zinc, the large gradient is 
moved forward into the material and results in stresses that induce 
edge dislocations, thus propagating the band further into the host 
crysta I. 
at dislocations, continues to diffuse beyond the band, and eventually 
finds sites for transition to become substitutional atoms. A non-planar 

A res i dua 1 f I ux of i nterst it i a I s beyond those that "condense" 

I 
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p-n junction forms beyond the band. Its lack of planarity is due to 
the non-uniform distribution of sites for these transitions to substi- 
tutional positions, Some experimental observations on the moving dis- 
location band and the p-n junction planarity under various diffusion 
conditions have been explained qualitatively in terms of the moving 
band model, 

I I .  EXPERIMENTAL PROCEDURES 

Single crystal n-type Te-doped GaAs wafers having ( I  1 I )  faces 
orientation are prepared to have either lapped or polished 
(chemically or mechanically) surface. 
for the finai step of the lapped surface, The mechanically polished 
surface was prepared by pol ishing on a rotating pel Ion cloth using first 

Five micron A1203 grit was used 

the premixed solution of Linde A : H20 : H202 :: IO : 4 : 1 and then the- 
solution of Linde B : H20 : H202 :: 10 : 5 : I by volume, The chemically 
polished surface was prepared by etching in 4-6 per cent sodium hypo- 

chloride at 75OC for 2-5 minutes for I1 1 i) A surface, and, for II 13 B 
surface, by etching in H2SW: H20 : H202 :: 8 : I : 1 :  while the wafer 
was fastened to a flat quartz plate and spinning on another plate within 
a rLl , i ng beaker. 

20 cm3 in volume) together with the diffusant and the excess arsenic 
The prepared samples were loaded into a clean quartz ampule (about 

designed to produce various pressures in the range of 0-5 atm. The 
ed off. The sealed -6 ampules were evacuated to about IO torr and sea 

ampule was placed in the furnace at the region of 
prof i le as shown in Fig. 1. At the end of the di 
was quenched in water, such that condensation was 
of the ampule away from the sample. 

the flat temperature 
fusion the ampule 
locallized at one end 

On the (I I A surface the samples were etched with the Schel I 
e t c  i ("0: : H20 :: l:2), and the etch pit density was determined 
every 3 8  microns through the diffused region and beyond the p-n junction 
into the undoped substrate, and obtained the etch pit density profile. 
* 30 per cent strength H20 
++-E 98 per cent strength H $0, 
d 70 per cent strength H d 3  

1 .  . - 
* . _ s _ .  . 
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Figure I .  D i f f u s i o n  furnace and i t s  temperature prof  i l e  measured 
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T h e  I i n e ,  P, a n d  t h e  e t c h  p i t  band, Q, were r e n d e r e d  v i s i b  

e t c h i n g  t h e  cleaved {IlOf s u r f a c e  f o r  50-90 s e c o n d s  i n  t h e  

e t c h  a t  t h e  room t e m p e r a t u r e .  

e a f t e r  

Schel  1 

The presence of the solute zinc atoms (Pauiing's tetrahedral radius 

. i n  s u c h  a large c o n c e n t r a t i o n  as of  IO2' cme3 r e s u l t s  i n  a n  i n c r e a s e  i n  
of 1.31Ao) i n  t h e  h o s t  g a l l i u m  atom s i t e s  ( t e t r a h e d r a l  r a d i u s  of 1.26A0) 

t he  I s t t i c a  c o n s t i j n f .  When S u i h  a doped r e g i o n  of t h e  c r y s i a i  i s  con- 

t i g u o u s  w i t h  a n  u n d o p e d  r e g i o n ,  stresses are p r o d u c e d  d u e  t o  t h e  l a t t i c e  

m i s m a t c h ,  h e n c e  d i s l o c a t i o n s  w i l l  be g e n e r a t e d  i n  t h e  t r a n s i t i o n  r e g i o n  

to re1 i e v e  t h e  stress. T h e  e n e r g y  avai l a b l e  i s  t h u s  c o m p e n s a t e d  o n l y  

by t h e  edge c o m p o n e n t  of d i s l o c a t i o n s .  T h e r e f o r e  we may e x p e c t  more 

p r e  edge  d i s l o c a t i o n s  t h a n  t h e  60' - d i s l o c a t i o n s  t h a t  are e x p e c t e d  

d i s -  d u e  to  o r d i n a r y  s t r e s s i n g ,  a n d  we may e x p e c t  p r a c t i c a l l y  n o  30° - 
l o c a t i o n s .  T h e  c h a r a c t e r i s t i c s  o f  t h e  S c h e l l  e t c h  p i t s  o n  t h e  1 1  

s u r f a c e  of GaAs as shown i n  F i g .  2, were i n v e s t i g a t e d  by  A b r a h a m s  

E k ~ t r o m ' ~ ) .  T h e y  h a v e  es tab 1 i s h e d  q u a n t i  t a t  i ve a g r e e m e n t  b e t w e e n  

e t c h  p i t  d e n s i t y  a n d  Nye's t h e o r y  o n  p l a s t i c  d e f o r m a t i o n  a n d  h a v e  

c l u d e d  t h a t  e v e r y  edge  d i s l o c a t i o n  r e s u l t s  i n  a S c h e l l  e t c h  p i t .  

we a s s u m e  t h a t  t h e s e  e t c h  p i t s  as shown i n  F i g .  2 may b e  a s c r i b e d  

A : 

a n d  

t h e  

con- 

T h u s  . 

t o  b e  

t h e  i n d i v i d u a l  d i s l o c a t i o n s  of the n e t w o r k  w i t h  p r e d o m i n a n t  e d g e  t y p e  

c o m p o n e n t s .  

1 1 1 .  RESULTS 

T h e  I i n e ,  P, a n d  t h e  e t c h  p i t  band ,  Q, o b s e r v e d  o n  a c l e a v e d  {I IO) 

s u r f a c e  as shown i n  F i g .  3 were e x a m i n e d  w i t h  r e s p e c t  t o  t h e  e t c h  

p i t  d e n s i t y  p r o f  i le a n d  t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s .  

T h e  peak o f  t h e  e t c h  p i t  d e n s i t y  p r o f i  le o f  il I if A s u r f a c e s  c o i n c i d e s  

w i t h  t h e  e t c h  p i t  b a n d ,  Q, o b s e r v e d  o n  cleavedl1 I O j s u r f a c e .  

p i t  d e n s i t y  d r o p s  r a p i a l y  f o r  x > d  a n d  p r o d u c e s  t h e  s h a r p  l e a d i n g  

e d g e  o f  t h e  e t c h  p i t  Sand. T h e  d e g r e e  of t h e  s h a r p n e s s  o f  t h e  i e a d i n g  

e d g e  c a n  b e  s e e n  by  t h e  g r a d i e n t  of t h e  e t c h  p i t  d e n s i t y  p r o f i l e  f o r  

The e t c h  

0 

a n d  also t h e  t h i c k n e s s  o f  t h e  e t c h  p i t  band ,  Q, as shown from t h e  
ZdQ 
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Figure 2. Schell etch pits observed on a 1 1 1  surface and its 
i location, which is in the "virgin" region. 
i - _ -  
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Figure 3. The etch p i t  densiTy p r o f i l e  and the photomicrograph o f  
the  etch p i t  band, Q, and the l ine ,  P, and t h e i r  corre- 
la t ions t o  the peak o f  the e tch  p i t  density p r o f i l e .  
L-32 d i f fus ion condition: As4 = 1.12 atm., and chem- 
i c a l  l y  pol ished surface. -_ 

' .  * - -  - -_- - -"------ --- 



comparison of Figures 3 and 4. 

to that of the "virgin" region. We have observed from the etch pit 

density profile that the etch pit band, Q, corresponds to the peak of 
the etch p i t  density profile and hence to the leading edge of the dis- 
location band, and that the magnitude, d corresponds to the position 
of the deepest portion of the dislocation band. 

At x = dp the etch pit density is equal 

Q 

Two examinations of the observed etch pit band, Q, and the line, 
P, are made individually with respect to their electrical characteris- 

- f  

tics. 
surfaces after every 3 to 8 microns of material were removed through 
the diffused region and beyond the p-n junction to the undoped sub- 
strate. The results of such measurements indicate that the line, P, 
corresponds to a p-n junction. A more re1 iable technique of iden- 
tifying a p-n junction without destroying the sample is the scanning 
electron microscope technique6 developed by the Westinghouse Research 
Laboratories. The principle micrographs used in this work were obtained 
by the secondary e lectron v ideo si gna I, by the "cathode-vo 1 tage" gen- 
erated by the scanning electron beam, and by mixing the two. Fig. 58 

shows the micrograph of SEVS on a surface with and without externally 
applied bias. Figure 6C shows the two micrographs being superimposed 
into one: one of the "C-Vll only, which was scanned only in the lower 
half, and the other of the SEVS. The results all conclude that the 
line, P, is a p-n junction. 

I). Hot probe technique was used to determine the p- and n-type 

It is observed that the magnitudes, d and d and the sharpness 0 P' 
of the dislocation band are dependent upon the diffusion conditions 
such as the diffusion temperature, the excess arsenic, and the surface 
conditions. Both d and dp increase with increasing diffusion tempera- 
ture and decrease with increasing excess arsenic as shown in Figures 7 

and 8. 
but d remains reasonably constant as shown in Figures 9B and IOB. The 

0 
degree of the sharpness of the dislocation band is increased with 
increasing excess arsenic, and is decreased with increasing diffusion 
temperature and with increasing roughness of the surface condition, 
e.y. Figures 9B and IOB. The distribution of the etch pits on I l l  

Q 

d increases with increasing roughness of the surface condition, P 
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Figure 4. The etch pit density profile and the photomicrograph of 
the etch pit band, Q, and the line, P, and their corre- 
lations to the peak of the etch pit density profile. 
L-42 diffusion condition: As4 = -055 ab , ,  and lapped 

! surf ace , 
_ _  - - .  
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Figure 5. A scanning electron micrograph o 
surface of the diode video signa 
external ly appl ied bias, by SEVS 
verse bias of 4 volts being appl 
of the scann i ng. 

the cleaved I I O  
only without the 
only with -the re- 
ed in the middle 

Figure 6. Scanning electron micrographs of the "cathode-voltage" 
observations on the cleaved 110 surface of the diode. 
The "C-V" only, which was scannrd only in the lower 
portion, and the other of the SEVS without the extern- 
ally applied bias are superimposed. 
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Figure 7. The depth of the etch p i t  band, 
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Photomicrographs of the observations on the sharpness of 
Q, on the d stribution of the "defect-X", and the planarity 
of P. 
( A )  L-71 diffusion conditions: T = 855OC, As4 = 4.1 atm. 

(B) L-72 diffusion conditions: T = 855OC, As4 = ,015 atm., 
and chemical l y  polished surface. 

and chemically polished surface. 

I 
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Figure 10. (a)  L-68 d i f f u s i o n  condit ions: T = 855OC, As = .056 ab., 
and chemical ly pol ished surface. 
T =  855OC, As4 = .015 atm., and lapped surface. 

( b )  4-72 .dif%gion condi t ions:  



surfaces was uni form for the  lapped surface, whereas it was non-uniform 

fo r  the  pol ished surface as shown in  Fig. I I A ,  B, and C. 

IV. THEORETICAL CONSIDERATION 

As prev ious ly  stated, it i s  theor ized here t h a t  z inc  d i f fuses 

i n t e r s t i t i a l l y  w i th  the z inc  mostly becoming subs t i t u t i ona l  and re la -  

t i v e l y  immb i le  a t  the band o f  d is locat ion.  The r e s t r i c t e d  volume of 

the  d i s loca t i on  band permits regions t o  e x i s t  where the i n t e r s t i t i a l  

z inc  i s  f a r  from i t s  equ i l i b r i um re la t i onsh ip  w i th  subs t i t u t i ona l  

zinc. I t  is, ra ther ,  the  r e s u l t  o f  r a p i d  d i f f u s i o n  from regions o f  

h igher concentrat ion. The d i f f u s i o n  p r o f i l e  may thus be d iv ided i n t o  

th ree  regions as shown i n  Fig. 12. Region 1 corresponds t o t h e  reg ion 

w i t h  h igh cancentrat ion o f  i t s  i m b i l e  subs t i t u t i ona l  z inc l e f t  behind 

the leading edge of the  d is loca t ion  band. Region l i  corresponds t o  

the  reg ion  of the  leading edge of the  d i s loca t i on  band. Region I l l  corres- 

ponds t o  the  reg ion beyond the leading edge o f  the  band. In  Fig. 12A 

a theo re t i ca l  z inc  subs t i t u t i ona l  concentrat ion p r o f i l e  o f  the moving 

band model i s  shown f o r  the three regions. This  can be compared t o  the 

d i f f u s i o n  p r o f i l e  obtained by Chang and Pearson‘’) as shown i n  Fig. 13. 
The s i m i l a r i t y  o f  the d i f f u s i o n  p r o f i l e  t o  the  m d e l  i s  observed up to  

and inc lud ing  Region 1 1 ,  bu t  the  experimental d i f f u s i o n  p r o f i l e  corres- 

ponding t o  Region I l l  was not given. The isoconceni-ration (June, 1964) 

technique has no reg ion where there i s  a ne t  t r a n s i t i o n  r a t e  from one 

form t o  another and so these curves show no reg ion of abrupt change o f  

t r a c e r  z inc  concentrat ion. The thickness, 6 , of  Region I I  i s  very 

small, and the  subs t i t u t i ona l  species i s  ra ther  spread o u t  so t h a t  

t h i s  c h a r a c t e r i s t i c  i s  no t  obvious f r o m  the  d i f f u s i o n  p r o f i l e  o f  Chang 

and Pearson. However, i n  view of the  experimental observations o f  the  

d i s l o c a t i o n  band i n  our experiments,there must be a reg ion  of h igh 

t r a n s i t i o n  probab i l i t y .  We assume t h a t  the  subs t i t u t i ona l  z inc con- 

cen t ra t i on  a t  the  d i s loca t i on  band remains constant 

.- , 
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, substiitutional and (B) the i n t e r s t i t i a l  species, Sample curves 

taken from equations (14) and (E-4). 
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i n  each run. This assumption seems reasonable and the  c h a r a c t e r i s t i c  

knee o f  the observed d i f f u s i o n  p r o f i l e  remains more or less constant 

even fo r  temperature v a r i a t i o n s  ranging from 8000 t o  1OoooC. A t  8 

given temperature, therefore, t h e  assumption seems adequately j u s t i f i e d ,  

Fig, 126 shows the  i n t e r s t i t i a l  concentrat ion p r o f i l e  which corresponds 

roughly t o  the  z inc  subs t i tu t iona l  concentrat ion p r o f i l e  of F,ig. 1 2 4 ,  

ANALYSIS FOR REGION I, 

The governing d i f f u s i o n  equation may be approximated by: 

where n i s  the  i n t e r s t i t i a l  species concentration, D i s  the d i f f u s i o n  

c o e f f i c i e n t  for  i n t e r s t i t i a l  species,Tl i s  the e f f e c t i v e  t r a n s i t i o n  

t i m e  constant f o r  t r a n s i t i o n  t o  subs t i tu t iona l  pos i t ions  i n  Region 1, 

x and t are the distance and the  t i m e  respect ively,  no i s  the equi- 

l i b r i u m  i n t e r s t i t i a l  z inc concentration. 

The t r a n s i t i o n  t ime constant,T, which appl ies t o  a l  I th ree  

regions, represents the " l i f e t i m e "  of an atom i n  i n t e r s t i t i a l  s i tes.  

As it jumps from one i n t e r s t i t i a l  t o  another i n t e r s t i t i a l  s i te ,  it 

f i n a l l y  jumps i n t o  an i n t e r s t i t i a l  s i t e  which i s  the  nearest-neighbor 

t o  a (ga l l ium) vacancy. I t  i s  then assumed t h a t  it becomes subst i -  

t u t i o n a l .  

I t  can be shown that, from p r o b a b i l i t y  considerat ions o f  jumps 

t h a t  an i n t e r s t i t i a l  makes i n  GaAs t o  get i n t o  a nearest-neighbor s i t e  

o f  a vacancy, the  t r a n s i t i o n  t i m e  can be expressed as - 
?I=- I 

N" 8D 

The t r a n s i t i o n  t i m e  constant as expressed i n  equation (2) i s  a func t ion  

o f  the  vacancy concentrat ion and can be evaluated using the  average 

vacancy concentrat ion t h a t  i s  avai lab le f o r  the  t r a n s i t i o n  i n  Region 1. 

A t  a given d i f f u s i o n  cond i t ion  (temperature and excess arsenic)  we 

assume t h a t  the vacancy equ i l ib r ium i s  maintained. Even though t h i s  i s  

13HO?'0 DIRECT COPY P A P E R  
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Y 
im value. The transition time constant, 

because of the assumed proportionality, contains the reaction rate con- 
stant (between the interstitials and the vacancies? and the probable 
frequency constant for the reaction to take place. 

Equation ( I )  applies for 06 xSd The first term on the right 0' 
hand side describes the diffusion of interstitials into the volume 
element. The second term accounts for the net transition rate between 
the interstitials jumping into substitutional positions and the inter- 
stitials generated from substitutionals. The general solution of the 
diffusion equation (I )  is expressed as 
n - n 0 = [Al exp(dlxl + A2 exp(-qlxJ exp(Mlt) ( 3) 

A2, and M are arbitrary constants. We impose the following where AI, 
boundary conditions on equation (3 ) :  The experimental condition that 

I 

the source at the surface is constant is, 
n(O, tl - no = ns; t 3 0  

where ns i s  the constant excess interstitial concentration at the 
surface. The boundary condition at x = d is assumed as Q 

n(d t) - no = 0 ( 5  l 0' 
s only to be taken as an approximation for the 
The excess interstitial flux, which resulted 
on of interstitials in Region I ,  supplies the 

As we will note this 
solution in Region 1 .  

from the supersaturat 
"material" needed for the movement of the steep knee, which keeps 
substitutional concentration at the boundary between Region 1 and 
N Thus we have 
0' = N - - Q -  d(d 1 

Q dt 
- D k \ x = d  Q .  

he 
I at 

The boundary condition for the band motion is clearly not precise, but 
it is assumed that this is by far the major "function" of the diffusion 
process in Region 1. Applying the boundary conditions, equations (4) 

and (71, to the general solution, equation (31, we obtain 

sinh M I ( d  - x1 
n - n  = n  

0 s sinh O C , ; ~  (7 l 
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where o( =[MI + ( l/Tl fi /D, where MI is a constant to be evaluated 
by further consideration. The particular solution, equation (71, is 
valid for the quasi-stationary conditions where d(d 1 / dt is treated 
as though it were a constant or a small perturbation as far as Region I 

is concerned, Imposing the boundary condition for the band motion, 
equation (61, on equation (7) ' we obtain 

Q 

Dt ns cosh o S l d  - 1 

d 'N 
- -  - 

( M  d)' 1 0  0 0  
which is a useful transcendental equation in determining d I. 

given by the second term (right hand side) in the diffusion equation (I). 
Thus, the substitutional concentration in Region I can be obtained 
from the relation 

The rate at which substitutionals are formed at a pointx, is 

( 9 )  

The substitutional concentration in Region I is assumed to be at N at 
the start. Actually this is accomplished mathematically by having d 
= 0 at t = 0. 
arrival of d 
time. 

Q 
Q 

The lower limit, t,, of the integral is the time of 
at the selected x, and the upper limit td is the diffusion 

0 

For the case where the diffusion coefficient is independent of 

time and position, and where the diffusion profile can be represented 
' by a complementary error function, the diffusica. depth, d can be 0' 
expressed as d 
approximation expression for the concentration in Region I by a com- 
plementary-error-function is a reasonable one in view of the experi- 
mental l y  obtained diffusion profile having nearly the complembntary- 
rrror-function curve i n  the ccrresponding region, and also in view 
of the time dependent measurement of d 
d 

= X t ' i  where g is the boundary motion constant. The Q 

which indicated a relation, 0' 
ti. Thus we assume that the band motion may be expressed 0 

i 
. .  . . .. . 
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approximately by d 
expression for the substituiional concentration in Region I as, 

2 sinh @ ,x 

= 8 ti. Hence, from equation ( 9  1 we have an 
0 

N(x) = -  ns((td - tl) cosh d 1x - 
(101 

T! .& ] 8 

For Region i ;  +he g ~ ~ e r f i l f i g  d l f f i i s l o i i  e q i i ~ t l ~ i i  m i i ~ t  G C C G G G ~  f o i  

the motion of the moving boundary between region I and 1 1 ,  which is 
assumed to move at an approximate rate of The motion of the 
moving boundary can best be accounted for by transforming the diffus- 
ion equation for the stationary coordinate system into the moving 
coordinate system, (z, t), where z = x - rt',and t' = t. 
result of the transformation can be written as 

8 ti. 

Thus the 

The general solution for the diffusion equation ( 1 1  is 
n(z,t')-n2= Blexp d 2 ( z -  rtf) + B2exp[+4 2 (z- y t'ilj exp (M2t) (12) 

are arbitrary con- where 
stants. The boundary conditions are as follows: A t  x = d the con- 
tinuity of the interstitial concentration can be written as 

B2, and M 22 =[M2 + ( I /T,)] /D,  and BI, 2 

( 
0 

and the continuity of the gradient can be written as 

We impose the boundary conditions on the general solution (12), and 
obtain the fol lowing, dInssinhK2z 

2 1 0  
n(z,t)-n2 = (n - n 1 cosh(o(2z) - oc (15) 0 2  

In defining the extent, s , of Region 1 !  the value of the interstitial 
concentration at the boundary between Regions I I  and I l l  is taken as 
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n the  f i c t i t i o u s  e q u i l i b r i u m  concentrat ion i n  Region I I .  This  f ic-  

t i t i o u s  equi I ib r ium concentrat ion i s  w r i t t e n  as/  

appropr iate constant. Thus the fo l low ing  boundary cond i t ion  for Region 

I I can be w r i t t e n  as 

2, 
w h e r e p  i s  an 

nQ 

n(z  = &-, t) = n(y = o+, t) = ,8 nQ (16 1 

Imposing the  boundary cond i t i on  on the  p a r t i c u l a r  solut ion, equat'ion 

(151, y i e l d s  the  fo l  lowing: 

t a n h d 2 &  nO( l  -b 1 s i n h d l d g  
(17) - - 

OC IS n C L  2s S 

The transcendental equation (17) can be used i n  determining the extent, 

6 , of  Region I I .  

The boundary between Regions I I  and I l l  a lso  moves i n t o  the  c r y s t a l  
I 

a t  an approximate r a t e  of ut' where u i s  the  boundary motion constant. 

The motion o f  the  boundary between Regions I I and I I 1  should remain 

approximately equal t o  -that o f  the boundary between Regions I and I I  so . 
long as the  extent, & , o f  Region I I remains smal 1 and near l y  a constant; 

Thus the  motion o f  the  boundary between Regions 1 I and I I  I expressed 

as ut' can be a reasonable approximation. 

it i s  convenient to convert the s ta t ionary  system i n t o  a moving co- 

I 

For Region I I I ,  therefore, 

o rd ina te  system, (y ,  t). The r e s u l t  o f  the  transformation can be 

w r  i t t e n  as 

I 

where y = x - ut', and u i s  the  boundary motion constant. The general 

s o l u t i o n  for the  moving coordinate system i s  \ 

n(y , t )  = C,exp[d3(y + ut'$+ C2expI- o( 3(y + exp(M3t) (19) ( 
wherecX 32 =[M3 + ( l/T3j /D, and Cl, C2, and M3 are a r b i t r a r y  constants 

t o  be evaluated. The boundary condi t ions are as fo l lows:  The in te r -  

s t i t i a l s  d i f f u s e  rap id ly ,  bu t  they f i n d  s i t e s  for t r a n s i t i o n  to become 

s u b s t i t u t i o n a l  atoms stopping fa r  sho r t  o f  d i f f us ion  through the  wafer. 

Tna boundary cond i t ion  fo r  the semi - in f in i te  medium can be w r i t t e n  as 
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= o  (20 )  I '  y-00 

n(y, t) 

The continuity of the gradient at the boundary of Region 1 1  and 1 1 1  can 
be written as 

(21 

We impose these boundary condition equations (161, (201, and (21) on 
equation (19) and obtain, 

n(y, t) =p no exp(- 3y) (22 1 

and an expression f o r m  is expressed as 3 

& 3 = $  (,,:Ah a( 1 0  d cosh(a.26) - ( I  -PI o(2  

and an expression f o r m  is expressed as 3 

Equation (221 gives the interstitial distribution in the moving coordinate 
system (y,t). Hence, we can convert it back to the stationary system I '  

using the re lat ion, y = x - ut' where u can be expressed in terms of 

the motion constant, , for the boundary between Regions 1 and I I and 
the extent, s , of Region I 1  as u t 2  = b - t' which can be seen in 
Figure 20. Thus we obtain, 

I 

I 

-l 
n(x, t) =Bn, exp[- < 3(x - s - xt') 1 (24 

The rate at which substitutionals are formed a 

is given by n(x, t) / r3. Then the substitut 
be obtained by integrating the rate over a per 
the diffusion time. Hence, 

I 

a point x in Region I l l  

onal concentration can 
od, t = t where td is d 

A t  the p-n junction the substitutional concentration is equal to the 
impurity doping level of the substrate, and hence N(x = d 1 = Np, where 
dp is the junction depth, and Np is the impurity doping level of the 
substrate. 
obtain an equation: 

P 

Substituting equation (241, Np, and integrating over t, we 
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From the equations 2, 8, 17, 23, and 26, we can calculate 

T 
the diffusion coefficient, D and the diffusion profile are known. The 

and t are readi ly obtained from our d absolute values of dp, dQ, Np, 
diffusion data, but we lack information on D and the diffusion prof i le. 
Chang and Pearson obtained the information that we lack, from their iso- 
concentration exper imnts. They reported the effective diffusion 
coefficient,b, at 900°C for various zinc concentrations. 
make use of their data in addition to ours to verify qualitatively the 
characteristics o f  T and , under various diffusion conditions. The 
flux equation can be written with the concentration gradient and the 
diffusion coefficient of the interstitial species, and it can also be 
written with the concentration gradient of the substitutional species .. 
and the effective diffusion coefficient, B a s  

T2. T3, and & i f  such parameters as dp, dp, Np, and td, plus 

We shal I 

3 with the approximate relation, n = AN between the .interstitial and 
the substitutional concentraiion obtained from Chang and Pearson, 
equation ( 2 7 )  yields a relation such as 

(28 1 8 = D d  n 

where A and 3 are constants. Hence the calculations for\t and 
are poss i b le. 

In order to account for the case of the excess arsenic being 
introduced during the run, the effective diffusion coefficient, a 
evaluated at the surface can be written as 

s ,  

where [As 1 
T h e  solid GaAs at T, andas refers to the effective diffusion coeffic- 

is the dissociation pressure ( 7 )  of t h e  arsenic over 4 dis 

ient obtained without the excess arsenic. 
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In o r d e r  to a c c o u n t  for t n e  surface damage s u c h  as t h e  l a p p e d  

s u r f a c e  of t h e  s a m p l e ,  R e g i o n  I is s u b d i v i d e d  i n t o  two s e c t i o n s  a n d  

f h e  s u r f a c e  b o u n d a r y  c o n d i t i o n s  ( a t  x = 0) are moved f o r  a d i s t a n c e  L, 
w h i c h  is t h e  d e p t h  of t h e  damaged l a y e r .  J o n e s  a n d  H i l t o n ( 8 )  r e p o r t e d  

from t h e  i n f r a r e d  r e f l e c t i v i t y  m e a s u r e m e n t s  t h a t  t h e  e x t e n t  of t h e  

damage  i n  G a A s  is shown to' b e  a b o u t  equal to t h e  d i a m e t e r  of the  f i n a l  

g r i n d i n g  p a r t i c l e s ,  T h u s  L c a n  be d e t e r m i n e d .  

T h e  r e s u l t s  of t h e  c a l c u l a t e d  v a l u e s  are e x a m i n e d  in  view o f  t h e  

e x p e r i m e n t a l  o b s e r v a t i o n s ,  a n d  are d i s c u s s e d  i n  S e c t i o n  V. 

V, 0 I SCUSS I ON 
I t  h a s  b e e n  o b s e r v e d  t h a t  t h e  e t c h  p i t  band ,  Q, o n  t h e  c l e a v e d  

f l l O ]  s u r f a c e ,  d i s p l a y s  several y a d e s  o f  s h a r p n e s s ,  a n d  t h a t  t h e  grades 

of s h a r p n e s s  is also d i s p l a y e d  by t h e  e t c h  p i t  d e n s i t y  p r o f i l e  as shown 

i n  F i g u r e s  3 a n d  4. 

p i t  b a n d ,  Q, on t h e  cleaved f l l O )  s u r f a c e  c a n  b e  u s e d  to r e p r e s e n t  t h e  

e x t e n t  of t h e  d i s l o c a t i o n  Band. 

T h u s  t h e  g r a d e s  of s h a r p n e s s  d i s p l a y e d  by t h e  e t c h  ; 

An a c u t e  g r a d e  of t h e  s h a r p n e s s  d i s -  

e t c h  p i t  band,  Q, i m p l i e s  a srnail e x t e n t  o f  t h e  d i s l o c a t i o n  

a d e g r a d a t i o n  of the s h a r p n e s s  i m p l i e s  a g r e a t e r  e x t e n t  

p l a y e d  by t h e  

band ,  w h e r e a s  
- L  4-h- vt J i l t :  band .  

o b s e r v e d  i n  F 

It i s  t h e n  cieai- t h a t  the ex=fent o i  + h e  d i s i o c a t i o n  b a n d  

9. 3 is smaller t h a n  t h a t  o f  Fig. 4, T h e  e x t e n t  of t h e  

d i s l o c a t i o n  b a n d  c a n  b e  r e p r e s e n t e d  by t h e  e x t e n t ,  8 , o f  R e g i o n  I I as 

d e f i n e d  i n  t h e  mov ing  band  mode l .  T h e  g r a d e  of t h e  s h a r p n ' e s s  d i s p l a y e d  

by t h e  e t c h  p i t  b a n d  b e c o m e s  d e g r a d e d  w i t h  t h e  i n c r e a s i n g  e x t e n t ,  , 
a n d  f o r  large 6 ( 2 0.2 m i c r o n s )  t h e  d e g r a d a t i o n  b e c o m e s  so p r o n o u n c e d  

t h a t  t h e  e c h  p i t  band ,  Q, becomes a l m o s t  i n d i s t i n g u i s h a b l e  from t h e  

b a c k g r o u n d .  F i g u r e  14 s h o w s  t h e  c a l c u l a t e d  6 a g a i n s t  t h e  excess 
a r s e n i c  p r e s s u r e ,  & d e c r e a s e s  w i t h  t h e  i n c r e a s i n g  excess a r s e n i c ,  w h i c h  

is t h e  t r e n d  i n  a g r e e m e n t  w i f h  the o b s e r v e d  e x t e n t  o f  t h e  d i s l o c a t i o n  

band .  i .e. ,  t h e  e x t e n t  of the band w i t h . [ A s l  = .42 aim. i n  F i g .  1 5 A  

i s  c l e a r l y  shown smaller t h a n  t h a t  of t h e  ks4 = 0.015 atm. shown i n  

F i g .  158. 

b e  shown by t h e  relative v a r i a t i o n  of t h e  t r a n s i t i o n  t i m e  c o n s t a n t ,  

6 

40 

A n o t h e r  m e a s u r e  o f  t h e  e x t e n t  of t h e  d i s l o c a t i o n  b a n d  c a n  

T2, i n  c o m p a r  i s o n  to t h a t  o f  T, , a n d  T3. T h e  smal ler T,, t h e  
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greater is the density of dislocations, and hence the smal ler the 
extent, 8 
and against the excess arsenic pressure. AI I the transition time 
constants i ncrease with the decreas i ng excess arsen i c, but T, increases 

, of Region I I .  Figure 16 shows the caIculatedTI, Tz, 
3 

L 

a t  a greater rate thanT I ,  o f  T, at the low excess arsenic pressure 
- 

ranges (e.g. < 0. I atm. 1. The rapid increase of T2 at the low excess 
arsenic, therefore, indicates t h e  pronounced increase in the extent of 
the aisi'ocaiion band, which is i n  good agreement with the experimental 
Sults, e.g. Fig. 15A and B. 

Fig, 17 shows 8 versus the diffusion temperature. s increases with 
the increasing diffusion temperature, which implies that the extent of 
the dislocation band increases with the increasing temperature. T h i s  

is in agreement with the experimentally observed extent of the dis- 
location band as shown in Figures 158 and 9B. The extent of the dis- 
location band at 902% is distinctly greater than that of 855OC. The 
calculated ?: as shown in Fig. 18 also indicates the increase in the 
extent of the dislocation band in confirmation to the above calculated 
result of . 

The surface condition affects also the extent of the dislocation 
Ssnd. The results of t h e  calculations miade one for t h e  p i i s i i e d  sur- 
face and the other for the lapped surface, are & = .I6 microns and 

* 

Tz = 2=10-5 seconds for the lapped surface, and s=  0.06 microns and 
T, = 2 0 1 0 - ~  seconds for the polished surface. The data used for  the 
calculations was obtained with having the diffusion conditions fixed 
except for the surface condition, The calculated results indicate that the 
extent of the dislocation band i s  increased by the increasing roughness of 
the surface. Fig. 9B shows the experimental observation of the extent of 
the band for the polished surface, and Fig. IOB shows that of the lapped 
surface, These observations are in good agreement with the calculated results. 

The planarity of the p-n junction is predominantly dependent on 
the distribution of the sites for the transition from interstitial to 
substitutional positions. Since the host crystal i s  not perfect, there 
will always be non-uniform distribution of sites inherent to each 
sample. Hence, the planarity of the junction will be affected accord- 
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i n g l y .  

exhibits some influence on the uniformity of the etch pit distribution 
in the doped region as shown in Fig. I I A ,  B, and C, The sample in 
Fig.  IIC had the lapped surface while the others shown in Fig .  I I A ,  

and 6 had the polished surfaces. The solute atoms when diffused into 
the host crystal, diffuse faster along the dislocations of the sub- 
strate and “condense” along the dislocation. Thus the resultant 
distribution is non-uniform, which attributes to the non-uniform 

’ distribution of the small etch pit density, Lapping the surface 

It was observed i h s t  the surface condition of the smple 

introduces randomly distributed dislocations near the surface, dimin- 
ishing the effect of the non-uniformly distributed dislocations of 
the host crystal, Thus, the solute atoms have no longer preferred 
dislocation path through which they diffuse rapidly. Consequently the 
resultant distribution has improved uniformity, and a flatter p-n 
junction will be attained, i.e., the effect of the surface condition * .  

on improving the planarity as shown in Figs, 9B and IOB. 

V I . CONCLUS I ON 
The moving dislocation band model introduced here have been shown 

qualitatively in good agreement with the experimental observations. It 
definitely accounts for the dislocation band observed in the diffu,sed , 

region when zinc has been the diffusant in gallium arsenide, and may 
also for the steep front of the characteristic knee in the diffusion 
profile although this front will be steep even without the dislocations. 
It also explains the experimentally observed results of the dependency 
of the zinc diffusion process on the diffusion conditions such as the 
diffusion temperature, the excess arsenic, and the surface condition, 
With the use of the non-uniform distribution of sites 
the mode1 for the interstitial-substitutional transit 
the planarity of the p-n junction is also explained, 
moving dislocation band model presented here supports 
dependent diffusion mechanism involving the interstit 
s?ec ies. 

in Region I l l  of 
ons, the lack of 
And finally, the 
the concentration 
a I-substi tut iona I 
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